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ABSTRACT
Coral reefs are greatly impacted by the physical characteristics of the water surrounding them.
Incidence and severity of mass coral bleaching and mortality events are increasing worldwide due
primarily to increased water temperature, but also in response to other stressors. This decline in reef
health demands clearer understanding of the compounding effects of multiple stressors, as well as
widespread assessment of coral reef health in near-real time.
Satellites offer a means by which some of the physical stressors on coral reefs can be measured.
The synoptic spatial coverage and high repeat sampling frequency of such instruments allow for a
quantity of data unattainable by in situ measurements.

Unfortunately, errors in cloudmasking

algorithms contaminate satellite derived sea surface temperature (SST) measurements, especially during
anomalously cold events. Similarly, benthic interference of satellite-derived reflectance signals has
resulted in large errors in derivations of water quality or clarity in coral reef environments.
This work provides solutions to these issues for the coral reef environments of the Florida Keys.
Specifically, improved SST cloudmasking algorithms were developed for both Advanced Very High
Resolution Radiometer (AVHRR; Appendix A) and Moderate Resolution Imaging Spectroradiometer
(MODIS) data (Appendix B). Both of these improved algorithms were used to reveal the extent and
severity of a January 2010 cold event that resulted in widespread mortality of Florida Keys corals.
Applied to SST data from 2010, the improved MODIS cloudmasking algorithm also showed improved
quantity of SST retrievals with minimal sacrifice in data quality.
Two separate algorithms to derive water clarity from MODIS measurements of optically shallow
waters were developed and validated, one focusing on the diffuse downwelling attenuation coefficient
v

(Kd, m-1) in visible bands (Appendix C), the other on Kd in the ultraviolet (Appendix D). The former
utilized a semi-analytical approach to remove bottom influence, modified from an existing algorithm.
The latter relied on empirical relationships between an extensive in situ training dataset and variations
in MODIS-derived spectral shape, determined using a stepwise principal components regression. Both
of these algorithms showed satisfactory validation statistics, and were used to elucidate spatiotemporal
patterns of water clarity in the Florida Keys. Finally, an approach was developed to use Landsat data to
detect concurrent MODIS-derived reflectance anomalies with over 90% accuracy (Appendix E).
Application of this approach to historical Landsat data allowed for long-term, synoptic assessment of the
water environment of the Florida Keys ecosystem. Using this approach, shifts in seagrass density,
turbidity increases, black water events, and phytoplankton blooms were detected using Landsat data
and corroborated with known environmental events.
Many of these satellite data products were combined with in situ reports of coral bleaching to
determine the specific environmental parameters individually and synergistically contributing to coral
bleaching. As such, SST and visible light penetration were found to be parsimoniously explaining
variance in bleaching intensity, as were the interactions between SST, wind and UV penetration. These
relationships were subsequently used to create a predictive model for coral bleaching via canonical
analysis of principal coordinates. Leave-one-out-cross-validation indicated that this model predicted
‘severe bleaching’ and ‘no bleaching’ conditions with 64% and 60% classification success, respectively,
nearly 3 times greater than that predicted by chance. This model also showed improvement over similar
models created using only temperature data, further indicating that satellite assessment of coral
bleaching based only on SST data can be improved with other environmental data. Future work should
further supplement the environmental parameters considered in this research with databases of other
coral stressors, as well as improved quantification of the temperature at the depth of corals, in order to
gain a more complete understanding of coral bleaching in response to environmental stress.
vi

Overall, this dissertation presents five new algorithms to the field of satellite oceanography
research. Although validated primarily in the Florida Keys region, most of these algorithms should be
directly applicable for use in other coastal environments. Identification of the specific environmental
factors contributing to coral bleaching enhances understanding of the interplay between multiple
causes of reef decline, while the predictive model for coral bleaching may provide researchers and
managers with widespread, near real-time assessments of coral reef health.

vii

CHAPTER 1:
INTRODUCTION

1. Coral bleaching and environmental stress
When stress becomes extreme, zooxanthellate corals will sometimes expel their algal symbionts
(zooxanthellae), causing ‘bleaching’ of the coral tissues (Jokiel and Coles, 1977; Douglas, 2003). In the
absence of these symbionts, some corals can survive for periods of time (depending on the species and
location), and even re-acquire zooxanthellae after the passing of the stressor (Lasker et al., 1984;
Buddemeier and Fautin, 1993). Severe bleaching of coral tissues, however, is often a precursor to
reduced energetic capabilities and / or death of all or part of the colony (Glynn, 1996; Hoegh-Guldberg,
1999). The adaptive bleaching hypothesis (Buddemeier and Fautin, 1993) proposes that such expulsions
of zooxanthellae allow corals to subsequently re-aquire a more tolerant clade of Symbiodium, resulting
in greater fitness of the holobiont. Nevertheless, the overall frequency and severity of bleaching events
appears to be increasing (Wilkinson, 1999).
Oxidative stress due to photoinhibition is generally thought to be the primary physiological
driver of coral bleaching (Lesser, 1997, 2006). Briefly, when a stressor reduces the photosynthetic
electron transport chain efficiency and conditions exist such that pigments continue to absorb light
energy, toxic oxygen free radicals can be produced (Lesser, 2006). If the concentration of these reactive
oxygen species overwhelms the natural anti-oxidants, then corals may rid themselves of the
zooxanthellae either through exocytosis or apoptosis of host cells (Lesser and Farrell, 2004). Hermatypic
corals and their symbiotic zooxanthellae have evolved some mechanisms to mitigate the effects of this
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oxidative stress, including mycosporine-like amino acids (MAAs; Shick 2004; Ayoub et al., 2012) and
fluorescent proteins (Hoegh-Guldberg and Jones, 1999; Brown et al., 1999; Salih et al., 2000).

1.1. Temperature
The temperature of the water surrounding corals can greatly affect their health, as extreme
water temperatures can result in bleaching of coral tissues and often subsequent death (Jokiel and Coles,
1977, 1990; Glynn and D’Croz, 1990; Glynn, 1993; Brown, 1997). Even though corals generally live in
tropical ecosystems, they tend to be concentrated in areas that are at or near their upper thermal limits
(Jokiel and Coles, 1990). Examples abound of 2-3° C increases in temperature causing extensive
bleaching of coral tissues (Hoegh-Guldberg, 1999; Goreau et al., 2000; Jokiel and Brown, 2004; Lesser,
2004). Bleaching and mortality of corals (Shinn, 1966; Hudson et al., 1976; Porter et al., 1982; Davis,
1982; Walker et al., 1982; Lirman et al., 2011) and other cnidarians (Steen and Muscatine, 1987; Coles
and Fadlallah, 1991) have also been observed during extremely low temperature events. Unfortunately,
corals which have shown resiliency to warm temperature-related bleaching and mortality are those
most affected by subsequent cold events (Lirman et al., 2011).
Anomalous temperatures, however, are not the sole cause of coral bleaching.

Although

temperature is thought to be the primary stressor on corals (Lesser and Farrell, 2004), other parameters
(e.g., UV radiation) can independently cause bleaching or death (Lesser et al., 1990). When acting in
concert with thermal stress, these other environmental stressors have been observed to effectively
decrease the temperature threshold for bleaching (Lesser, 2006; Wooldridge, 2009).

1.2. Light
Ambient light is critical for photosynthesis and therefore healthy growth of zooxanthellate
corals. However, corals and reef-dwelling foraminifera bleach more readily when exposed to high
2

energy, short wavelength [blue and ultraviolet (UV, 200 – 400 nm)] radiation (Siebeck, 1988; Fitt and
Warner, 1995; Brown, 1997; Lesser, 1997; 2006; Williams and Hallock, 2004). Further, UVB (280 – 315
nm) and UVA (315 – 400 nm) exposure, can cause damage to corals via DNA alterations (Dunne and
Brown, 1996; Shick et al., 1996; Sinha and Häder, 2002) or photoinhibition (Fitt and Warner, 1995;
Lesser and Lewis, 1996; Ferrier-Pages et al., 2007), respectively. Goenaga et al. (1989) noted that
bleaching localized to only the upper surfaces of corals demonstrates an effect of light radiation on coral
bleaching, as shading from incident radiation offers some protection from bleaching to the underlying
corals. Gleason and Wellington (1993) found that regardless of temperature, given calm waters and
clear seas, Caribbean corals transported from 24m to 12m showed bleaching after only 21 days, while
similarly transplanted corals which were shaded from UV light by an acrylic cover showed no signs of
bleaching. Similarly, Lesser (1997) found decreased photosynthetic performance leading to bleaching of
Agricia tenuifolia in response to temperature stress and solar radiation, while no reaction to these
stressors was seen when corals were exposed to exogenous antioxidant treatments.
In addition to these in situ experiments, many natural experiments have given further evidence
as to the effect of light on coral health. For example, Mumby et al. (2001) found that cloud cover may
have reduced solar irradiance at Society Island, Tahiti, resulting in decreased coral bleaching relative to
surrounding areas. Similarly, increased turbidity was attributed to reduced bleaching and mortality of
corals relative to adjacent optically clear waters during a widespread bleaching event (Goreau et al.,
2000) due to blocking of incoming UV radiation. Other studies have suggested that increased light
availability resulting from low tides and / or calm winds led to coral bleaching (Glynn, 1968; Jaap, 1979;
Fisk and Done, 1985; Harriott, 1985; Oliver, 1985; Jones, 1997; Hendee et al., 2001). Corals in areas of
increased water flow generally have higher stressor resistance and faster recovery from disturbances
(West and Salm, 2003) perhaps due to clearer waters, high light transmittance and reduced specular
reflection in calm seas (Hendee, 1998).
3

In addition, light penetration to the benthos is also influenced by biochemical processes in the
water column, such as phytoplankton blooms and colored (chromatophoric) dissolved organic matter
(CDOM) dynamics. Excess nutrients and subsequent phytoplankton blooms decrease the transparency
of the water column, thereby reducing the photosynthetic capabilities of benthic organisms, including
corals (Hallock and Schlager, 1986). For example, widespread coral mortalities were identified during an
upwelling event (i.e., no thermo-stress) as a result of iron enrichment from nearby wildfires causing a
massive red tide and coral asphyxiation (Abram et al., 2003). Tolerance of corals to incident UV
radiation may depend on the concentration of CDOM within the surrounding water column (West and
Salm, 2003; Zepp et al., 2008) while large-scale climate changes may increase the overall UV radiation
reaching corals (Gleason and Wellington, 1993).

1.3. Other Factors
Despite the fact that light and temperature seem to be the primary causative agents of coral
bleaching, several other environmental factors may be influencing the health of coral ecosystems
(Hoegh-Guldberg, 1999; McManus and Polsenberg, 2004).

Wooldridge (2009) found increased

bleaching susceptibility in high nutrient waters. Low salinity waters have also been found to cause coral
bleaching and mortality (Goreau, 1964) following a hurricane induced flood. Although small amounts of
sedimentation can adversely affect corals (Philipp and Fabricius, 2003), turbidity may provide protection
from bleaching (Goreau et al., 2000). Extreme low tide events can cause bleaching through aerial
exposure of corals (Vaughan, 1911; Loya, 1976). Finally, some diseases have even been identified as
causative agents for bleaching (Kushmaro et al., 1996).

4

2. Satellite assessment of coral environments
Much of the research on coral tolerance to these physical parameters consists of laboratory
manipulations of specific coral species, often utilizing extreme shifts in temperature or irradiance, the
rate and duration of which may not be realistic for natural environments (see Hoegh-Guldberg and
Smith, 1989). In situ experiments are extremely difficult to conduct or interpret due to inadequate
replication, lack of suitable control sites, and widely unstable random variables.
As understanding of the factors influencing corals increases, shortcomings in ability to assess
and/or monitor these parameters over wide time and space scales become obvious. Where quality
investigations of causes of reef decline do exist, the scope of the observation tends to be notably
localized in space and time (Hughes and Connell, 1999). This deficiency is typically due to financial
constraints, which also plague long term programs to monitor the environmental conditions around
coral reefs. For example, moored sensor payloads have been deployed to great effect in some coral
regions [e.g., Integrated Coral Observation Network (ICON); Hendee et al., 2007], but purchase and
maintenance of such instrument suites is often expensive (only 1 of 5 ICON subsurface light recording
stations in the entire Caribbean region is currently operational). Similarly, maintenance expenses
contributed to the demise of Florida Institute of Oceanography’s (FIO) Sustained Ecological Research
Related to the Management of the Florida Keys Seascape (SEAKEYS; 1989 – 2010) monitoring stations
and led to dismantling of established instrument suites. Measuring environmental conditions in coral
reef regions from regular ship-borne excursions can increase the spatial resolution of monitoring efforts,
but often costs of ship time lead to very low temporal resolution.
Through advances in satellite products and algorithms, many of the causative factors for
declines in coral reef health listed above can be measured from currently operational satellite
instruments. The synoptic spatial scale and high repeat sampling frequency afforded by such satellite
sensors dwarfs that which is feasible from in situ surveys. Furthermore, applied to the entire time series
5

of data from a particular instrument, such advances can provide historical assessment of coral stressors
which would be otherwise unattainable.

Validated detection of the environmental parameters

surrounding corals from satellites would thus allow for 1) determination of the specific factors (and their
interactions) contributing to coral stress, and 2) synoptic assessment of coral bleaching stress in near
real time.

2.1. Sea surface temperature
As a result of coral responses to elevated temperatures, management and monitoring of coral
environments from satellite data currently focuses on Degree Heating Weeks (DHW). This index is a
measure of water temperature relative to the historical average at a particular location, and depends
both on the length and severity of the disturbance (Gleeson and Strong, 1995). For example, 2 DHWs
could refer to either 2 weeks at 1° C above, or 1 week at 2° C above the maximum monthly mean
(MMM). DHW accumulate over a twelve week running total for each pixel. The global threshold at
which bleaching has been found to occur is 4 DHW, while widespread bleaching and mortality is
expected for regions experiencing 8 DHW (Skirving et al. 2006). Currently this information is used by the
National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch program (CRW) to chart
DHW values for coral sites, thus providing regular, quick-return information on potentially stressed
environments, available online at http://coralreefwatch.noaa.gov (Strong et al., 2004; Mumby et al.,
2004).
Despite the successes of this algorithm (Skirving et al. 2006), the primary deficiency is that the
currently operational product has a pixel resolution of 0.5 degrees (approx 50 km). This resolution is
achieved by weighted pixel averaging of nighttime Advanced Very High Resolution Radiometer (AVHRR)
global area coverage (GAC) SST data, which have a native resolution of 4km. The purpose of this spatial
binning is to minimize the number of missing pixels due to cloud contamination. Not only does such
6

coarse resolution ignore small-scale SST heterogeneity, the current DHW product provides no
information for many coastal systems due to mixed land-water pixels. Indeed, virtually no CRW DHW
information is produced for many coastal coral ecosystems, including the Florida Keys (Fig. 1.1). As such,
the current CRW DHW is primarily useful in monitoring potential for mass bleaching events at large
synoptic scales. Efforts are currently ongoing to improve the spatial resolution of the CRW bleaching
products (Vega-Rodriguez et al., 2012; Vega-Rodriguez et al., in prep).

Figure 1.1: CRW bleaching alerts (mix of current thermal stress and DHW) for the Florida Keys region.
The red line represents the approximate boundary of the Florida Reef Tract (FRT). Note that the pixel
size precludes stress quantification for most of the reef. The flagged pixels are virtual monitoring
stations for FRT regions. Note their distance from the corals they are monitoring.
Weeks et al. (2008) found the DHW products insufficient to predict coral bleaching in the
southern Great Barrier Reef.

Use of higher resolution SST products and a seasonally adjusted

temperature threshold for bleaching (as opposed to summer MMM) improved the correlation between
the DHW product and coral bleaching instances. Nevertheless, the extent of coral bleaching was not
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proportional to the DHW, which the authors propose could be due to seasonal differences in SST
thresholds, or may hint at a missed co-variable such as light availability.
The need for higher resolution assessment of coral thermal stress from satellites requires
improvement in the cloud detection algorithms for SST data. Cloud detection algorithms for SST
products use a variety of methods to determine if a pixel is contaminated by clouds; among them are
difference from expected brightness in certain thermal infrared wavelengths, deviation from
climatological norms, and combinations thereof (Franz, 2006; Hu et al., 2009; Ackerman et al., 2010).
For daytime satellite passes, cloud detection algorithms can also rely on the high reflectance of clouds in
all visible bands (e.g., SeaDAS Level 2 Processing Flag CLDICE; Patt et al., 2003). Nevertheless, current
cloud detection algorithms are insufficient to fully remove cloud effects from SST datasets while
retaining as many valid data as possible. In particular, cloudy pixels are often improperly determined to
be valid SST, thereby resulting in negatively biased SST datasets. Alternatively, and especially during
anomalously cold events, valid SST data are discarded as clouds. As a result, climatologies overestimate
the true average SST for a particular region, which can further perpetuate errors in discrimination
between clouds and valid SST during cold events. Improvement of these algorithms is critical for
accurate assessment of high-resolution temperature data (and thereby coral stress) and is thus an
integral part of this work.

2.2. Light attenuation
Extraterrestrial solar irradiance in the visible and UV is generally constant (in the absence of sun
spots), but light reaching Earth’s atmosphere will vary according to the distance between the Sun and
Earth. The amount of this radiation that reaches Earth’s surface is primarily a function of solar angle,
ozone, atmospheric aerosols and cloud cover. Solar angle is calculable for any point and time on Earth,
and does not need to be directly measured. Every 1% decline in atmospheric ozone roughly equates to
8

a 2% increase in incident UV-B radiation (Shick et al., 1996; Moran et al., 2000; Hallock, 2005). The
National Atmospheric and Space Administration’s (NASA’s) satellite ozone measures began in 1978 using
the Total Ocean Mapping Spectrometer, and continue today with the Ozone Monitoring Instrument
aboard the Aura satellite. Combined with the extraterrestrial solar irradiance, these measurements can
be used to estimate the UV light available at the water surface.

For the visible wavelengths,

photosynthetically available radiation (PAR; integrated 400 to 700 nm) just below the water surface is
calculated as one of the standard NASA products from MODIS data (Carder et al., 2003).
Once this light enters the water column, the diffuse attenuation coefficient for downwelling
irradiance (Kd, m-1) defines the penetration of light to depth. The amount of UV radiation reaching the
benthos is primarily a function of CDOM concentration (Bricaud et al., 1981) and water depth (Clarke
and James, 1939), but also is affected by particulate chlorophyll and detritus (Nelson and Guarda, 1995).
Their relative contributions to light attenuation, however, are not constant in either space or time (Boss
et al., 2001). To complicate this relationship, CDOM also photobleaches under exposure to UV light
(Moran and Zepp, 1997; Häder et al., 1998; Shank et al. 2010a), meaning its contribution to attenuation
will decrease with constant incident light. As such, without frequent and reliable Kd estimates, as well as
accurate raster bathymetric data, satellite measures of surface radiation tell very little about the light
field reaching coral tissues.
Many satellite products have been developed to estimate Kd (e.g., Austin and Petzold, 1981;
Mueller, 2000; Z. Lee et al., 2002; 2005; Morel et al., 2007). However, these products were designed for
use on optically deep water targets (where reflection from the bottom is negligent). In optically shallow
environments, reflection from the benthos contributes to the reflectance measured from above-water
(e.g., satellite) sensors. This contribution is dependent on Kd, benthic albedo, and bottom depth, and
thus is spatially, temporally, and spectrally variable. As such, current Kd algorithms are not directly
applicable for coral reef environments in optically shallow waters. Errors in derived water properties for
9

optically shallow environments, however, can be alleviated through use of longer (red) wavelengths
(e.g., Carder et al., 2005), for which less bottom contribution of reflectance is expected. Such an
approach can be used to calculate Kd in visible wavelengths for optically shallow waters. However, as
current ocean color satellites do not include UV bands, estimation of Kd(UV) requires an approach that is
resilient to bottom reflectance contribution and that can be extrapolated from visible reflectance data.

3. Study area
The Florida Keys are a 120 mile long string of limestone islands located south of the Florida
peninsula. Tourism generates nearly 1.2 billion dollars for the region annually, with approximately 2.5
million visitors annually inundating the region with just over 73,000 permanent residents (US Census
Bureau 2011). Among the draws to the region are the marine ecosystems, including the Florida Reef
Tract (FRT). The FRT is a string of coral bank and patch reefs located approximately 3 to 10 km east and
south of the Florida Keys, covering approximately 1400 km2. Protection of these reefs was one of the
factors contributing to the 1990 creation of the Florida Keys National Marine Sanctuary (FKNMS; Causey,
2002). The FKNMS encompasses 9600 km2 of marine waters enveloping the Florida Keys, including most
of the FRT (Fig. 1.2).
Traditionally, the Florida Keys have been delineated into regions according to their general
circulation patterns (see Klein and Orlando, 1994). Currents generally flow northeastward in the Upper
Keys owing to the proximity of the Florida Current. The Lower Keys typically see westward flow due
primarily to the easterly winds as well as occasional eddies associated with the Florida Current. The
Middle Keys are the transition zone, but they also experience (along with the Lower Keys) inundation
with water from Florida Bay and the Southwest Florida Bight through several tidal channels separating
the islands (Smith, 1994; T. Lee and Williams, 1999; Porter et al., 1999; T. Lee and Smith, 2002; Smith
and Pitts, 2002; T. Lee, 2012).
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Figure 1.2: Study region, including boundaries of management areas.
As has been seen for many Caribbean reefs, FRT coral cover has been in decline for several
decades (Hughes, 1994; Palandro et al., 2001; 2008; Andréfouët et al., 2002). Much of this decline has
been attributed to extreme temperature events (Jaap, 1985; Warner et al., 1999; Lirman et al., 2011)
and water quality changes (Hu et al., 2003; Lapointe et al., 2004). Although corals are typically not
found in close proximity to the tidal channels between Keys islands due to unfavorable water conditions
(Ginsburg and Shinn, 1964; 1993), the growth rate and coral cover on nearshore FRT reefs has recently
been found to significantly exceed those of offshore, more oligotrophic reefs (Lirman and Fong, 2007).
One explanation is that corals can benefit from the increased UV attenuation provided by higher CDOM
concentrations from Florida Bay and nearshore mangroves (Shank et al., 2010b).
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4. Objectives
The overarching goals of this research were to advance satellite remote sensing technology
through developing water quality data products for shallow water ecosystems, and to improve our
understanding of the connection between physical and bio-chemical water quality parameters and coral
bleaching. Towards these goals, the specific research objectives were:

1) Create improved high-resolution satellite SST data products through refining and tuning of
cloud detection algorithms for AVHRR and MODIS data.
2) Develop improved UV and visible water clarity algorithms for MODIS and Landsat Thematic
Mapper (TM) data.
3) Use these products to further quantify the relationship between coral bleaching and
concurrent light and temperature conditions at the benthos.
4) According to results from objective 3, combine light and temperature products described
above to develop a comprehensive coral bleaching index from satellite data in near-real
time.

5. Approach and dissertation structure
This dissertation is arranged in chapters that detail the research conducted to fulfill these
objectives. Chapter 2 focuses on SST cloudmasking (Objective 1) for AVHRR and MODIS data. For both
instruments, current cloud detection techniques were assessed and found to be insufficient to reliably
differentiate valid SST from clouds, especially during cold water events. As such, new algorithms were
developed to improve the SST data coverage and quality, from which the effects of extreme cold events
on marine ecosystems (including corals) could be more accurately assessed.
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Assessment of Kd (Objective 2) in the optically shallow Florida Keys environment required
development of approaches resilient to benthic contribution to satellite-derived reflectance. This work
was completed for both visible and UV wavelengths using MODIS data, as detailed in Chapter 3. Briefly,
a semi-analytical approach was developed to remove benthic contribitions from satellite estimates of Kd
in the visible MODIS bands. Alternatively, an empirical approach was developed to derive Kd(UV), based
on relationships between MODIS-derived spectral shape and concurrent in situ measures.
Chapter 4 details an assessment of bleaching stress (Objective 3) according to remotely sensed
environmental parameters. Here, the approach was to use the MODIS Kd and SST algorithms (developed
in Chapters 2 and 3), combined with in situ reports of coral bleaching, to quantify the relationship
between coral bleaching and concurrent light and temperature conditions.

Subsequently, these

relationships were used to assess coral bleaching potential from satellite data (Objective 4).
Much of this research relies heavily on data from MODIS on the satellite Aqua, which has
already more than doubled its design life. However, coral bleaching has been prevalent in the Keys prior
to MODIS coverage, and will continue to be an issue after MODIS eventually fails. Chapter 5 details
efforts to derive water quality information from historical TM data (Objective 3). Future research must
similarly strive to improve detection of the light and temperature environments surrounding corals from
historical, current, and future satellite sensors. In particular, continuity of these measurements must be
assured for the recently launched Visible Infrared Imager Radiometer (VIIRS), towards continued
improvement in coral reef health assessment from satellite data.
Finally, Chapter 6 summarizes the work detailed in the previous chapters, with particular focus
on the implications of the dissertation as a whole. Overall impressions are offered on the successes and
failures of this work and lessons learned. Chapter 6 finishes with descriptions of future research
directions which would broaden the findings of this work and enhance assessment of coral reefs using
satellite data.
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CHAPTER 2:
IMPROVED CLOUD DETECTION FOR AVHRR AND MODIS SST DATA

1. Research overview
Appendix A – An improved high-resolution SST climatology to assess cold water events off
Florida
Cold water events have resulted in mortality of corals, sea turtles, manatees, seagrasses,
and many other fauna and flora of the waters surrounding Florida. Cloud detection
techniques for satellite data are often insufficient to differentiate between anomalously
cold sea surface temperature (SST) and pixels contaminated by clouds. Indeed, nearly
20% of Advance Very High Resolution Radiometer (AVHRR) SST images from the month
of January (1995-2010) showed improper cloud masking. Manually delineated overrides
of improperly masked regions were used to create an improved SST climatology. This
climatology showed the location of negative anomalies throughout Florida waters (up to
14 °C in Florida Bay) during the January 2010 cold event that had previously been
masked.

Appendix B – A hybrid cloud detection algorithm to improve MODIS sea surface temperature
data quality and coverage over the eastern Gulf of Mexico
Several algorithms have been developed previously by various groups to identify cloudcontaminated pixels from Moderate Resolution Imaging Spectroradiometer (MODIS) SST
data. The performance of four algorithms was tested for MODIS SST data from 2010
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covering the eastern Gulf of Mexico using concurrent in situ measured SST. None was
found to reliably distinguish valid SST from cloud-contaminated data, especially during
anomalously cold events. A hybrid algorithm was developed to use these existing
algorithms in various combinations according to time and location, based on their
observed strengths and weaknesses. While retaining nearly the same high SST accuracy,
the hybrid algorithm showed a nearly 20 % increase in SST retrievals over the current
community standard algorithm.
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CHAPTER 3:
DEVELOPMENT AND VALIDATION OF SATELLITE-BASED
WATER CLARITY PRODUCTS IN THE FLORIDA KEYS

1. Research overview
Appendix C – MODIS-derived spatiotemporal water clarity patterns in optically shallow Florida
Keys waters: A new approach to remove bottom contamination
This study presents development and validation of a new approach to derive diffuse
downwelling attenuation coefficient (Kd, m-1) data in optically shallow waters for the
visible Moderate Resolution Imaging Spectroradiometer (MODIS) bands, using a
modification of an existing algorithm. Compared to in situ data, water clarity derived
using this modified algorithm showed strong matchup statistics [for Kd(488) from 0.02 to
0.2 m-1, N=22, R2 = 0.68, unbiased RMS = 31%] and improvement over current products
when compared to the same data (N = 13, R2 = 0.37, unbiased RMS = 50%). This
modified algorithm was subsequently applied all MODIS Aqua data from 2002 – 2011
covering the Florida Keys region. As such, spatiotemporal patterns in water clarity were
identified, such as strong onshore-offshore gradients throughout the Florida Keys,
consistent with previous reports. The Dry Tortugas region was found to have the
clearest water, while the Marquesas region showed the highest Kd in the Florida Keys.
This latter finding contradicts some previously published reports indicating that the
Middle Keys have the highest Kd, but agrees with regional water clarity patterns
predicted by the local circulation regime.
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Appendix D – Estimation of diffuse attenuation of ultraviolet light in optically shallow Florida
Keys waters from MODIS measurements
Estimation of Kd in optically shallow waters from MODIS remote sensing reflectance (RRS)
data requires an approach that is unaffected by benthic reflectance contribution to the
satellite derived signal. Also, as MODIS records no ultraviolet (UV) data, derivations of
Kd(UV) from MODIS must rely on visible MODIS bands. As such, variation in MODISderived RRS spectral shapes were tied to concurrent in situ measured Kd(UV) in the
Florida Keys via a stepwise principal components regression. This approach improves on
previously published methods to estimate water parameters using principal
components analysis of RRS through the addition of a stepwise forward addition
procedure, ensuring parsimonious model selection. Using an extensive collection of in
situ Kd(UV) data, this approach showed strong model performance [Kd(305) ranging from
0.28 to 3.27 m-1; N = 29; R2 = 0.94] and predictive capabilities, assessed using leave-oneout-cross-validation [for Kd(305), R2 = 0.92; bias = -0.02 m-1; unbiased RMS = 23%].
Applied to the 2002-2012 MODIS dataset, this approach allowed for assessment of the
spatiotemporal patterns in Kd(UV) in the Florida Keys. While the spatial patterns in
Kd(UV) generally mimic those of Kd in visible bands [Kd(VIS)], the seasonal cycle of Kd(UV)
shows highest transparency in the winter relative to the summer for much (but not all)
of the study area, which is the reverse of the Kd(VIS) seasonality. These differences
between Kd(UV) and Kd(VIS) highlight the need for assessment (either in situ or remotely
sensed) of Kd in both the UV and visible.
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CHAPTER 4:
PREDICTION OF CORAL BLEACHING USING REMOTELY SENSED SEA SURFACE TEMPERATURE
AND LIGHT PENETRATION: A CASE STUDY OF THE FLORIDA KEYS REEF TRACT

Abstract
Coral bleaching has been attributed to several physical variables of the coral habitat, in
particular extremes in temperature and high ultraviolet radiation. Satellite observing systems and
algorithm improvements allow synoptic-scale monitoring of coral environments, which can be used to
investigate the individual and synergistic effects of various environmental parameters in causing coral
bleaching. Shallow-water algorithms for light penetration, long-term (2002-2013) satellite data, in situ
bleaching surveys (N = 1712; spanning 2003-2012), and other environmental variables were used to
identify the environmental factors contributing to bleaching of Florida Reef Tract corals. As such, a

stepwise multiple linear regression indicated that elevated sea surface temperature (SST; partial 
=


0.13; p < 0.001) and high visible benthic available light (partial 
= 0.05; p < 0.001) each

independently contributed to summertime coral bleaching. The effect of SST was further influenced by

significant interactions with both wind speed (partial 
= 0.03; p < 0.001) and ultraviolet benthic

available light (partial 
= 0.01; p = 0.012). These relationships were then combined via canonical

analysis of principal coordinates to create a predictive model of coral reef bleaching for the Florida Keys
Reef Tract. This model correctly predicted ‘severe bleaching’ and ‘no bleaching’ conditions with 68%
and 59% classification success, respectively. The classification success for these two categories is nearly
3 times greater than that predicted by chance, and also shows improvement over similar models created
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using only temperature data. Together, these results lead to a greater understanding of the factors
contributing to coral bleaching and allow for weekly prediction of historical and current bleaching stress
from satellite data.

1. Introduction
Coral reefs are in decline worldwide due to a multitude of factors (Wilkinson, 1999). Many of
the stressors on coral reefs are changes or extremes in physical variables that impact coral habitats (see
reviews by Brown, 1997; Hoegh-Guldberg, 1999; Douglas, 2003). Under stress, hermatypic corals may
expel symbiotic zooxanthellae, leading to bleaching of the coral tissues (Jokiel and Coles, 1977).
Bleaching is not obligatorily fatal, and instead may be a mechanism through which a more tolerant clade
of zooxanthellae may be acquired (Buddemeier and Fautin, 1993). Nevertheless, reduced energetic
capabilities and a weakened immune system can lead to disease and death of coral tissues during
bleaching events (Glynn, 1996; Hoegh-Guldberg, 1999).
Elevated temperatures are considered a dominant cause of coral bleaching worldwide (Jokiel
and Coles, 1977, 1990; Glynn and D’Croz, 1990; Glynn, 1993; Brown, 1997; Hoegh-Guldberg, 1999;
Goreau et al., 2000; Jokiel and Brown, 2004; Lesser, 2004; and many others). Much evidence suggests
that other factors, especially in concert with elevated temperatures, can exacerbate or mitigate coral
bleaching in response to thermal stress (Lesser et al., 1990; Lesser, 2006). Of particular relevance are
ultraviolet radiation (UV; 280 – 400 nm; Siebeck, 1988; Gleason and Wellington, 1993; Fitt and Warner,
1995; Shick et al., 1996; Lesser, 1997, 2006; Lesser and Farrell, 2004; Williams and Hallock, 2004; FerrierPages et al., 2007) and photosynthetically available radiation (PAR; integrated 400-700 nm; Lesser 1989;
Lesser and Shick 1989; Lesser et al., 1990; Osmund 1994; Gleason and Wellington, 1995; Mumby et al.,
2001). Generally, these environmental stressors have been observed to decrease the temperature
threshold at which coral bleaching occurs (Lesser, 2006; Wooldridge, 2009).
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Photoinhibition of coral zooxanthellae has been observed as soon as 24 hours (Fitt and Warner
1995) to 5 days (Ferrier-Pages et al., 2007) after exposure to an increase in UV irradiation. Lesser and
Farrell (2004) found that 10 days was sufficient for coral acclimation to a particular irradiance regime,
while Ferrier-Pages et al. (2007) found that corals increased production of photoprotective micosporinelike amino acids (MAAs; see Dunlap and Shick, 1998; Shick, 2004) within 14 days of UV exposure.
Gleason and Wellington (1993) found that corals transplanted from 24 to 12 m water depth showed
bleaching within 7 days (persisting at least 21 days), while transplanted corals covered by a UV filter
showed no signs of bleaching. In laboratory experiments, Siebeck (1988) noted an interaction between
UV and visible (VIS; 400-700 nm) light, whereby negative responses to UV irradiation were mitigated by
concurrent exposure to VIS light. In natural environments, this could indicate that clouds (transparent
to UV, yet opaque to VIS) may increase potential bleaching (but see Mumby et al., 2001). Yentsch et al.
(2002) found that some reefs are near their minimum thresholds for photosynthetically active radiation
(PAR; integrated 400 – 700 nm) reaching coral tissues, below which respiration exceeds photosynthesis.
Gleason and Wellington (1995) found non-fatal bleaching of coral larvae in response to increased PAR,
whereas no such effect of UV light was detected.
Goenaga et al. (1989) posited that severe coral bleaching is restricted to only the upper surfaces
of coral colonies (i.e., the tissues exposed to the strongest irradiation), demonstrating the synergistic
effects of light and temperature in causing coral bleaching. More recently, numerous studies have
attempted to quantify this relationship between light (both UV and VIS), temperature, and coral
bleaching. In particular, Lesser (1997) found that high UV exposure can exacerbate temperature stress.
Cloud cover has been implicated as mediating temperature-induced bleaching by providing shading
from PAR (Mumby et al., 2001). Finally, Ferrier-Pages et al. (2007) found that prolonged UV exposure at
non-stressful temperatures could protect corals from subsequent temperature-induced bleaching.
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Low tides and / or low wind speeds have also been implicated as potential factors contributing
to coral bleaching (Glynn, 1968; Jaap, 1979; Fisk and Done, 1985; Harriott, 1985; Oliver, 1985; Jones,
1997; Hendee et al., 2001). The former could cause bleaching by aerial exposure of corals (Vaughan,
1911; Loya, 1976) or by reducing the water thickness through which incident light must penetrate
(thereby increasing light exposure at the benthos). Colored dissolved organic matter (CDOM) in the
water column attenuates downwelling UV radiation (Bricaud et al., 1981; Kirk, 1994) and thus might
provide protection from UV-induced bleaching (Williams and Hallock, 2004; Zepp et al., 2008; Ayoub et
al., 2012). Low wind speeds could similarly increase penetration of light through reduction in water
surface reflectance (Hendee et al., 2001), or through CDOM photobleaching (Moran and Zepp, 1997;
Häder et al., 1998; Zepp et al., 2008; Shank et al., 2010a; 2010b). Nevertheless, it is often difficult to
determine whether these factors are acting independently or synergistically with temperature stress to
contribute to coral bleaching.
Satellite assessment of coral stress has focused primarily on SST (Gleeson and Strong, 1995;
Strong et al., 2004; Mumby et al., 2004). The National Oceanic and Atmospheric Administration (NOAA)
Coral Reef Watch (CRW) program uses degree heating weeks (DHW; Gleeson and Strong, 1995) to assess
thermal stress on corals globally, whereby the duration and intensity of elevated temperatures, based
on > 1 °C differences from climatology SST, is quantified over 12 weeks. The currently operational
product uses global SST data and climatology with 50 km spatial resolution, while experimental products
are distributed by CRW at 5 km spatial resolution (see Vega-Rodriguez et al., 2012). Furthermore,
prototype 1 km resolution products have been developed for regional applications by CRW in
collaboration with the University of South Florida and the Comisión Nacional para el Conocimiento y Uso
de la Biodiversidad (CONABIO) in Mexico. Finally, the CRW has also developed an experimental Light
Stress Damage (LSD) product. This uses a combination of SST and satellite-derived daily PAR to assess
coral bleaching stress. Validation statistics of this product have not yet been reported, but the general
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approach omits consideration of UV stress, as well as variation in light reaching corals due to bottom
depth and spatiotemporally variable attenuation of light in the water column.
The application of remote sensing data for determination of water clarity (i.e., light penetration)
in optically shallow environments like coral habitats has been hindered by lack of robust methods for
correction of benthic light reflectance effects on the remote sensing reflectance (RRS) measured above
the surface. Recent algorithms have been developed to estimate the diffuse downwelling attenuation
coefficient (Kd) for both VIS (Barnes et al., 2013) and UV (Barnes et al., 2014) in optically shallow waters
of the Florida Keys region. These products allow for assessment of the light field reaching corals for the
time series of Moderate Resolution Imaging Spectroradiometer (MODIS) data, which spans 2000 to the
present for the MODIS sensors on NASA’s Aqua and Terra satellites. Satellite-derived SST data does not
suffer from such benthic interference (e.g., Hu et al., 2009).
Here, the roles of several environmental parameters on coral bleaching were investigated,
including SST, light (VIS and UV), wind speed, and tidal regime. The environmental factors identified as
contributing to coral bleaching were subsequently used to develop and validate a model for prediction
of coral bleaching. The Florida Keys were used as a case study for this research, from which a large
dataset of coral bleaching and satellite-derived environmental parameters exist.

2. Methods
2.1. Data collection and processing
Table 1 provides a summary of the observations compiled for this study. MODIS Aqua and Terra
(MODIS/A and MODIS/T, respectively) Level-1A data for the Florida Keys region (24 to 26 °N, 80 to 83 °W;
see Fig. 4.1) and the years 2000 - 2012 were downloaded from the NASA Goddard Space Flight Center
(GSFC; www.oceancolor.gsfc.nasa.gov). These data were processed using SeaDAS (version 6.4) with
default processing parameters to derive calibrated at-sensor radiance (Level-1B). SeaDAS was then used
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to create Level-2 (unmapped calibrated) products including SST, RRS (for the 10 visible bands), SST
Quality Flags, and Level-2 Processing Flags. Due to scan mirror damage and striping, which limit the
utility of the MODIS/T instrument for ocean color research (Franz et al., 2008), RRS products were not
created from MODIS/T.
Table 1: Summary of data compiled for this study
Product

Source

Instrument

Processing

SST

NASA
GSFC

MODIS/A,
MODIS/T

Kd(488)

NASA
GSFC

MODIS/A

Kd(380)

NASA
GSFC

MODIS/A

SeaDAS,
IMAPP, Barnes
and Hu (2013)
SeaDAS,
Barnes et al.
(2013)
SeaDAS,
Barnes et al.
(2014)

PAR

NASA
GSFC
NASA
GSFC
NOAA

MODIS/A

Ozone
MSL
Wind
speed
Bleaching
Index

CCMP &
NDBC
FRRP

MODIS/A

Initial
temporal
resolution
-1
≤4d

Final
temporal
resolution
Weekly

Final
spatial
resolution
1 km

Units

°C

≤1d

-1

Weekly

250 m

m

≤1d

-1

Weekly

250 m

m

Monthly

Monthly

4 km

Wm

TOMS

Daily

Weekly

DU

Key West Tide
Gauge
Scatterometers,
Anemometers
Diving surveys

Hourly

Monthly

Monthly,
Hourly
Daily

Monthly

1.00 x 1.25
degree
Entire
scene
0.25
degree
2
20
m
transect

and

MODIS/T

Triangulation,
Interpolation

Level-1B

data

were

also

Daily

processed

using

-1

-1

-2

m
-1

ms

none

International

MODIS/Atmospheric Infrared Sounder Processing Package (IMAPP, version 2.1) to create the Level-2
MOD35 product (Ackerman et al., 2008; Ackerman et al., 2010; Frey et al., 2008). The MOD35, Level-2
SST, Level-2 Processing Flags, and SST Quality Flags were all mapped to an equidistant cylindrical
projection, with bounds 24 to 26 °N and 80 to 83 °W at 1 km spatial resolution. SST data were masked
according to the algorithm developed by Barnes and Hu (2013), which uses a combination of the SST
Quality Flags, Level-2 Processing Flags, MOD35, temporal consistency, and difference from climatology

32

(see Hu et al., 2009). SST pixels determined to be cloudy were removed from further analysis, and the
mapped data were stored in Hierarchical Data Format 4 (HDF4) files.

Figure 4.1: Map of study region, indicating water depth from USGS bathymetry. Locations of FRRP and
AGRRA surveys overlaid in green and red, respectively.
RRS data were mapped using SeaDAS to an equidistant cylindrical projection with the same
bounds as for SST, but at 250 m spatial resolution. For most bands, this spatial resolution is achieved by
SeaDAS via interpolation from 1 km or 500 m native pixel resolution. RRS data identified by any of the
standard Level-2 Processing Flags (see Patt et al., 2003) were removed from further analysis. The semianalytical algorithm developed by Barnes et al. (2013) was used to calculate Kd(488) from the projected
and masked RRS data. Kd(380) was derived using the empirical orthogonal function (EOF) approach and
training dataset described in Barnes et al. (2014). The minimum depth limit for application of the Kd(488)
and Kd(380) products are 5 and 4.5 m, respectively. Any pixel with depth shallower than the respective
depth limit was masked in the Kd(380) and Kd(488) data. Depth was determined from bathymetry
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provided by the United States Geological Survey (Robbins et al., 2007). Any masked data (either due to
shallow depth or Level-2 Processing Flags) surrounded by otherwise valid data were filled by linear
interpolation of the adjacent pixel data. Kd maps were stored in HDF4 files.
Global MODIS/A Level-3 monthly mean surface PAR data (equidistant cylindrical projection; 4km
spatial resolution; Carder et al., 2003), were also downloaded from NASA GSFC. Monthly mean PAR
data were used due to the higher correlation with in situ data, relative to that for satellite-derived daily
(or weekly mean) PAR measurements (Frouin et al., 2012). Daily atmospheric ozone content estimates
(in Dobson Units or DU) from the Total Ozone Mapping Spectrometer (TOMS) were obtained from the
ancillary SeaDAS data provided by NASA GSFC (equidistant cylindrical projection; 1.00 x 1.25 degree
spatial resolution). PAR and ozone data for the study region were extracted from these global images
and stored as 32-bit floating points in tagged image file format (TIFF) files. Cross-Calibrated MultiPlatform (CCMP) monthly averaged ocean surface wind speed data (Level 3.5A; m s-1; equidistant
cylindrical projection; 0.25 degree spatial resolution; Atlas et al., 2010) were downloaded from NASA
Physical Oceanography Distributed Active Archive Center (www.podaac.jpl.nasa.gov), and the study
region data were extracted.
Tide data from the Key West tide gauge (24.555 °N, 81.807 °W) from 2002-2012 were
downloaded from NOAA (www.tidesandcurrents.noaa.gov). National Data Buoy Center (NDBC) wind
speed data were downloaded (www.ndbc.noaa.gov) for all buoys within the study region that had
coverage spanning from 2002-2012 (FWYF1, LONF1, MLRF1, SANF1, and SMKF1). Mean sea level (MSL;
m) and wind speed data at each of these stations were averaged by month and stored in ASCII text files.
Visual interpretation of the CCMP wind speed data showed incongruities for pixels adjacent to
land. All pixels within approximately 0.25 degrees from land [which covers the entire Florida Reef Tract
(FRT)] were masked. To fill in this area, a Delaunay triangulation was constructed to link the combined
NDBC and offshore CCMP wind speed data. Linear interpolation was then used to map winds to a grid
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with the same bounds as all other products and 0.25 degree spatial resolution. MLRF1 buoy data
created additional errors in these combined CCMP/NDBC wind maps, and thus the interpolation was
repeated excluding data from that station. These data were then used in subsequent analyses.
Weekly mean images (2002-2012) were created for all daily products [SST, Kd(380), Kd(488), and
ozone]. Weekly mean and standard deviation climatology images were created from the weekly mean
images. Monthly mean and standard deviation climatology images were created for the products with
monthly resolution (PAR, wind speed, MSL). Neither diel nor day-to-day variance is accounted for in
these mean, standard deviations, or climatology estimates.
The weekly / monthly mean data for the light-related products were combined to calculate
measures of light reaching the benthos for both VIS and UV wavelengths. First, PAR, Kd(488) and depth
(z) were combined using Lambert-Beer’s law (Smith and Baker, 1981; Gordon, 1989) to estimate PAR at
depth [hereby called ‘bottom available visible radiation’ (BAVIS)] as:
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Next, 380 nm irradiance at the water surface [Ed(380,0)] was approximated by:
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where day is the ordinal day number (day-of-year), and F0 is the mean extraterrestrial solar irradiance
(1.139 W m-2 nm-1 at 380nm; Gregg and Carder, 1990), which is corrected for Earth-Sun distance in the
first bracket. θo is the solar zenith angle, and t is the diffuse transmittance from the sun to the earth
surface that can be approximated as:
BC
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where τr is the optical thickness due to Rayleigh scattering. For an atmosphere with surface pressure of
1013.02 mbar, τr(380) = 0.4457. Note that this calculation omits the effect of aerosol scattering because
its modulation to diffuse transmittance is mostly negligible due to the fact that > 95% of scattering is in
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the forward direction and diffuse transmittance due to aerosol alone is nearly 1.0. From this, the
relative measure of UV light reaching the benthos [hereafter called ‘bottom available UV radiation’
(BAUV)] was calculated as:
K

 380,0

 + 

.

(4)

Note that terms BAVIS and BAUV explicitly refer to large spectral bands, yet these products were
calculated using data from specific wavelengths. Many studies (Kratzer et al., 2003; Pierson et al., 2008;
Zhao et al., 2012) have described a direct relationship between Kd(PAR) and either Kd(490) or euphotic
zone depth [which is directly proportional to Kd(490)]. As such, although BAVIS in this study is not a direct
measure of either PAR or 488 nm light at depth, it is a relative measure of PAR reaching the benthos.
The absorption spectrum of UV light in water primarily follows an exponential decay due to the
absorption by CDOM (ag; Bricaud et al., 1981). Combined with the strong dependence of Kd(UV) on
ag(UV) (see Zepp et al., 2008), this means that Kd at any two UV wavelengths are directly proportional.
Note that there is no atmospheric attenuation coefficient of ozone (Kozone) term in the second bracket of
Eq (2). This is because atmospheric ozone absorbs virtually no 380 nm light at the precision of this study
(aozone < 0.0001 m-1). However, aozone is much higher for other UV bands (e.g., Hartley and Huggins bands;
Griggs, 1968). Since only 380 nm data is considered for Eq (2) (i.e., Kozone is a constant), the calculated
Ed(380,0) is appropriate as a relative measure of UV light at the water surface, influenced only by the
concentration of ozone (not by the spectral differences in Kozone). The subsequent BAUV product is thus
representative of light reaching the benthos at any UV wavelength.
Equations (1) and (2-4) were used to create weekly maps showing the average BAVIS and BAUV,
respectively. Since PAR was calculated in monthly intervals, when a particular week spanned two
months (e.g., the week from August 27 to September 3 in non-leap years), PAR data from the month
that included at least four days of that week was used. Separate BAUV and BAVIS weekly means were also
calculated after taking account of the tidal condition. This was accomplished by modifying the depth
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term in Equations (1) and (4) according to MSL (i.e., z = bathymetry + MSL). Since data from only one
tide gauge was used, the MSL correction was applied to the entire scene. As with the other products,
weekly mean and standard deviation climatologies were created for BAUV and BAVIS, both with and
without tidal influences included. Creation of climatologies, as well as all environmental data processing,
was performed using IDL (Interactive Data Language, version 8.0, Exelis Visual Information Solutions).
See Figure 4.2 for time series of all parameters from a location in the Middle Keys (24.626 N, 81.108 W).

Figure 4.2: Time series of environmental and bleaching data at a location in the Middle Keys (24.626 N,
81.108 W) from 2002 to 2013. Time series include SST (red, °C), wind speed (green, m s-1), mean sea
level (MSL, orange, m), ozone (black, Dobson Units), Kd(380) (purple, m-1), bottom available UV
radiation(BAUV, Eqs. 2-4, violet, W m-2), Photosynthetically Available Radiation (PAR, yellow, W m-2),
Kd(488) (dark blue, m-1), and bottom available visible radiation (BAVIS, Eq. 1, light blue, W m-2). FRRP
bleaching surveys denoted with black arrows, with bleaching index listed to the left.
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Finally, degree heating weeks (DHW) images were created in order to assess the performance of
the current CRW methodology. As such, monthly mean SST images were created using the MODIS
climatology (2000 – 2012), from which the maximum monthly mean (MMM) for all pixels in the scene
was calculated. For each week, DHW images were calculated as the 12 week running total of all
anomalies > 1 °C above the MMM. This product is hereby termed ‘DHW*’ to differentiate it from the
DHW product currently used by CRW.

2.2. In situ data
The Florida Reef Resilience Program (FRRP) has conducted surveys of coral reef environments
throughout the Florida Keys since 2005 (Fig. 4.1). Every year during times of peak thermal stress
(defined as summer high water temperature and maximal irradiance), locations throughout the FRT
were selected according to a randomized sampling design. ‘Summer’ records span the months of
August to October, while most ‘winter’ surveys were conducted in January or February. At each location,
Scleractinian coral (≥ 0.4 cm diameter) size, mortality, bleaching, and disease prevalence were surveyed
along two haphazardly placed 10 x 1 m belt transects (Wagner et al., 2010). Bleaching Index (BI) for
each transect was calculated based on the severity of coral tissue discoloration, whereby coral colonies
were allocated to one of 6 categories ranging from no bleaching (c1) to completely bleached (c6):
L M N " 2N+ " 3N " 4N- " 5N, ⁄5 ,

(5)

where c is the percentage of corals in each of the 6 bleaching categories (see Gleason, 1993;
McClanahan, 2004; Edmunds et al., 2003; McClanahan et al., 2005). Metadata for the FRRP dataset
indicates that BI ranges from zero (no bleaching) to 3 (all corals bleached). This contrasts with the
traditional designation of BI, which can range from 0 to 1 (or 100%; see McClanahan et al., 2005). As
such, FRRP BI was divided by 3 to match other data sources. Note that BI is calculated for each transect,
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from which the average and standard deviation of each survey location (consisting of two transects)
were calculated. Differential bleaching severity by the various taxa was not recorded. In total, 1653
records of BI between 2005 and 2012 were obtained (Figs. 4.1 & 4.3). Figure 4.3 summarizes the
monthly histogram of bleaching surveys as well as the distribution of BI from these surveys.

Figure 4.3: Histograms showing a) sampling frequency by month, and b) frequency of bleaching index
values from FRRP (black ‘+’) and AGRRA (grey ‘x’) surveys. a) The data not used in analyses were from
months outside ‘summer’ and ‘winter’ designations, or lacked sufficient environmental parameters for
analysis. b) NB = no bleaching, MB = Moderate Bleaching, SB = Severe Bleaching as categorical
designations used for CAP.
Since 1998, the Atlantic and Gulf Rapid Reef Assessment (AGRRA) has surveyed coral reef
locations throughout the Caribbean. Surveys conducted in May – July 2003 covered the Lower, Middle,
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and Upper Keys, while the Dry Tortugas were assessed in October 2004. In total, 60 randomly selected
sites (approximately 200 m x 200 m) in the FRT were surveyed, with the bleaching status of over 4000
corals recorded as ‘not bleached,’ ‘pale,’ ‘partially bleached,’ or ‘fully bleached.’ From these data, BI of
all corals (not species specific) was calculated at each site via a modification of Eq (5), using only four
categories (c1 – c4, although c1 is not included in BI calculations) and a denominator of 3.

2.3. Combined environmental and BI data
For each bleaching observation in the coral survey record, weekly mean, weekly mean
climatology, and weekly standard deviation climatology data were extracted for SST, BAVIS, and BAUV.
Environmental conditions were determined for the week of each individual bleaching record (t0), as well
as for the 6 preceding weeks (t-1, t-2 … t-6). Since wind speed data were binned into monthly intervals,
the month and preceding month of each bleaching record were similarly extracted.

Normalized

anomalies for all of these data were created as [(mean – mean climatology) / standard deviation
climatology]. The mean normalized anomaly for six weeks (t0 to t-5) was calculated for SST, BAUV, and
BAVIS, and for the two months of wind speed data preceding and matching each bleaching record.
Finally, the weekly changes in BAUV and BAVIS (Δ) were calculated for six weeks (t0 to t-5) as the difference
between mean benthic available radiation during one week minus that of the previous week (e.g., Δt2 =
t2 – t-3).

2.4. Statistical analyses
All statistical analyses were performed using Matlab (version 2011a, Mathworks). Analyses
were conducted independently for summer and winter bleaching records.

A stepwise multiple

regression (SMR) was first performed to identify the environmental variables parsimoniously explaining
variance in BI. Parsimony in ensured through forward selection of variables which independently and
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significantly contribute to the explained variance, thereby increasing the statistical power of the
regression (Gauch, 1993). Specifically, this SMR constructed a model for bleaching by sequentially
adding independent variables which contributed the largest partial Fisher’s test statistic (F), stopping
when addition of the next independent variable raised the model significance level above alpha (α =

0.05) or the adjusted coefficient of determination (
) over that of the full model (Blanchet et al.,

2008). For this analysis, the continuous BI data from both FRRP and AGRRA were used as the dependent
variable. Eight parameters and their interactions (a total of 36 independent variables) were included in
the SMR, each summarizing 6 weeks (or two months) of data: mean standardized anomaly of SST, BAUV,
BAVIS, and wind speed, as well as the minimum and maximum ΔBAUV and ΔBAVIS. FRRP records with less
than 3 weeks of data (out of 6 weeks) for any of the light variables were excluded from further analysis.
Records with any missing SST or wind data for the last 6 weeks or 2 months, respectively, were excluded
(see Fig. 4.3a).
The SMR was first performed using BAUV and BAVIS data which included MSL, and then was
repeated with the MSL data excluded. The SMR with the lower Akaike information criterion (AIC; Akaike,
1974) value between these two models was used for further analysis.
A canonical analysis of principal coordinates (CAP; Anderson and Willis, 2003) was performed to
model the effects of environmental variables on bleaching occurrence. Briefly, this procedure included
a principal coordinates analysis (PCA) on the environmental data and subsequent canonical discriminant
analysis (CDA) using these principal coordinate axes and the BI data. The number of principal coordinate
axes used in the CDA was optimized according to the minimum misclassification error of the CAP as
assessed by leave-one-out-cross validation (LOOCV). This CAP was performed using the Euclidian
distance metric. For this analysis, the upper and lower quartile BI data were categorized as ‘severe
bleaching’ and ‘no bleaching’ conditions, respectively, and all remaining BI data were categorized as
‘moderate bleaching.’ This categorical BI was used as the dependent variable for the CAP analysis. The
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independent variables which were found to significantly (and parsimoniously) explain variance in
bleaching occurrence via the SMR were used as the explanatory variables in the CAP. LOOCV was
performed to assess classification success. Accuracy was calculated as the total number of successful
classifications divided by the total number of data points. Classification success was calculated for each
individual category as the number of correct classifications divided by the total number of classifications
within that category.

3. Results
In total, 637 summertime (August to October) records fit the a priori qualifications for the
analysis (6 weeks of SST data, 2 months of wind data, 3 of 6 weeks of data for each light parameter).
When MSL data were excluded, SMR selected four variables which were parsimoniously contributing to

the variance in bleaching: mean standardized anomaly of SST (β = 0.14; partial 
= 0.13; F = 93; p <


0.001), mean standardized anomaly of BAVIS (β = 0.14; partial 
= 0.05; F = 44; p < 0.001), the


interaction of mean standardized anomaly of SST and that of wind (β = 0.13; partial 
= 0.03; F = 24;

p < 0.001), and the interaction between the mean standardized anomalies of SST and BAUV (β = -0.06;

partial 
= 0.01; F = 7; p = 0.012). All of the independent variables showed positive regression


and AIC
coefficients, with the exception of the interaction between SST and BAUV. The cumulative 

for the reduced model (including only these four predictors) were 0.22 and -1772, respectively.
The same four variables (mean standardized anomaly of SST, mean standardized anomaly of
BAVIS, the interaction of mean standardized anomaly of SST and that of wind, and the interaction
between the mean standardized anomalies of SST and BAUV) were selected by the SMR when monthly

MSL data were included, with cumulative 
= 0.21 and AIC = -1769. As such, the addition of monthly
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MSL data to the BAUV and BAVIS variables did not improve the SMR results. Accordingly, the variables
used in the CAP procedure did not include influence of MSL.
For the CAP analysis, the optimal number of principal coordinate analysis axes was 2, with total
model accuracy of 46% (Fig 4.4). Figure 4.4a depicts the spread of bleaching records along the two
canonical axes, while Figure 4.4b shows the correlation vector for the input environmental vectors along
the same two axes. For these representations, only the direction of the vectors relative to the
distribution of points is important, not the orientation of vectors relative to the axes (i.e., positive or
negative). The mean randomized classification success for the dependent variable (indicating the
accuracy by chance), calculated using 1000 permutations, was 38%. As such, the CAP model was
significant at α = 0.001.

The confusion matrix for LOOCV results is displayed in Table 2, with

classification success for the no bleaching, moderate bleaching and severe bleaching categories of 60%,
30% and 64%, respectively.
For wintertime data, only 54 bleaching records fit the analysis qualifications. For both the MSLincluded (p = 0.12) and MSL-excluded (p = 0.16) analyses, the overall SMR models (including all
independent variables) were not significant. Accordingly, no variables were selected by the SMR as
significantly contributing to the variance in bleaching, and no CAP was attempted for wintertime data.

Table 2: Counts for leave-one-out-cross-validation (LOOCV) of CAP model, using summertime data
Summertime LOOCV

Truth

Modeled
No Bleaching

Moderate Bleaching

Severe Bleaching

No Bleaching

86 (60.1%)

38

19

Moderate Bleaching
Severe Bleaching

82
20

95 (30.0%)
44

140
113 (63.8%)
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Figure 4.4: CAP results. a) Distribution of FRRP bleaching records along the two canonical axes, classified
according to ‘no bleaching’ (blue diamonds), ‘moderate bleaching’ (green squares), and ‘severe
bleaching’ (red triangles) categories. b) Correlation of the environmental inputs to the CAP with the
canonical axes.
4. Discussion
4.1. Causes of coral bleaching
The summertime results indicate that temperature, light, and wind have individual and
synergistic effects in contributing to coral bleaching. Positive regression coefficients indicate that higher
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temperatures and BAVIS were individually associated with increased BI. The significant effect of SST in
causing coral bleaching is not novel (for reviews see Glynn, 1996; Brown, 1997; Hoegh-Guldberg, 1999;
and others). SST was always the most significant predictor (highest partial F) in the SMR. However, SMR
on this dataset unequivocally demonstrates that SST is not the only significant predictor of coral
bleaching. Higher BAVIS was associated with more severe bleaching, indicating increased shading in the
VIS wavelengths caused lower BI, which also agrees with previous research (Lesser 1989; Lesser and
Shick 1989; Lesser et al., 1990; Osmund 1994; Gleason and Wellington, 1995; Mumby et al., 2001).
Further, the significant interaction terms indicate that the effect of SST on bleaching is
influenced by other environmental parameters.

Unfortunately, these results do not indicate the

direction of the UV or wind speed effects on the relationship between SST and BI (i.e., exacerbating or
mitigating). However, the sign of the regression coefficient indicates at what temperature level UV and
wind speed have an effect. Specifically, the significant interaction term between SST and wind data
showed a positive regression coefficient, indicating that the effect of wind on bleaching increases as
temperature increases (see below). Contrastingly, the negative regression coefficient for the interaction
between SST and BAUV indicates a decreasing role of UV in contributing to bleaching as temperatures
increase (see below).
The interaction of wind speed and SST potentially indicates a difference between satellitederived SST and sea bottom temperature (SBT). SBT is the temperature which corals are experiencing,
and can differ greatly from SST, especially in the presence of a strong thermocline. Generally, a
thermocline would result in SST greater than SBT. However, due to flow of high-salinity and warm
waters from Florida Bay, inverse thermoclines (cooler water above warm) have been observed in Florida
Keys reef environments (Porter et al., 1999; McEachron et al., in prep), with potentially damaging effects
on corals (Porter et al., 1999). In either case, persistent strong winds (the wind term used in this
analysis reflected 6 weeks of wind speeds) could result in a fully mixed water column, meaning a smaller
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difference between SBT and SST. Also, satellite radiometers measure the ocean skin (approximately 10
μm), which is generally 0.1 – 0.5 °C cooler than the waters immediately below (Schluessel et al., 1990;
Murray et al., 2000). Although this bias is fairly constant (0.1 – 0.2 °C) in high wind conditions (> 6 m s-1),
it is much more variable when low winds persist (up to 1.5 °C; Donlon et al., 1999).
Given the wealth of literature indicating synergistic effects of SST and UV radiation (Siebeck,
1988; Gleason and Wellington, 1993; Fitt and Warner, 1995; Shick et al., 1996; Lesser, 1997, 2006;
Lesser and Farrell, 2004; Williams and Hallock, 2004; Ferrier-Pages et al., 2007), the significant
interaction between BAUV and SST in contributing to coral bleaching was also an expected finding. This
interaction indicated that at high temperatures, BAUV has little effect on bleaching, but this effect
increases with decreasing temperatures.

This finding generally agrees with the widely held

understanding of coral bleaching, that light stress will decrease the temperature threshold for bleaching
(Lesser, 2006; Wooldridge, 2009).
Many of the factors used in these analyses have similar seasonal cycles (e.g., SST and PAR; see
Fig. 4.2).

The high spatial and temporal resolution employed in this study, however, reveals

spatiotemporal variation which is not consistent across products with similar seasonal cycles (e.g.,
compare current SST and BAVIS normalized anomalies in Fig. 4.5). Consideration of cumulative (6 week)
normalized anomaly further obscures correlation between the environmental variables. For example,
despite relatively high correlation between BAUV and BAVIS for a single week at the FRRP bleaching survey
sites (R2 = 0.50 for non-zero summertime data), there is low correlation between the cumulative (6 week)
BAUV and BAVIS standardized anomaly terms used in the SMR (excluding 3 obvious outliers, R2 = 0.23).
This is due to the low BAUV values and subsequently low standard deviation climatology of BAUV. As a
result, very small errors in derived BAUV can greatly affect the calculated relationship between BI and
BAUV. It is thus possible that the significant relationship between BAVIS and coral bleaching may include
some influence of UV light which was obscured by the low variability in BAUV.
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Figure 4.5: CAP-predicted satellite bleaching (satellite bleaching product, lower panel) for the week of
September 24 – 30, 2005. Normalized anomaly conditions of SST, wind speed, BAUV, and BAVIS shown for
the current conditions (top row) and the cumulative (preceding 6 week average, center row) time spans.
CAP predicted bleaching (bottom) shown with overlaid FRRP bleaching records.
Inclusion of MSL data did not improve the AIC of the SMR model, leading to the finding that no
influence of tide on coral bleaching was detected in this study. Tidal range at the Key West tide gauge is
generally less than 1 m (approximately 60 cm for spring tides). The range of monthly MSL throughout a
year is approximately 40 cm, while interannual monthly differences in MSL during summer months are
generally on the order of 10 cm (see Fig 4.2). Since the mean depth of bleaching records in the FRRP
dataset is 8.1 m, the effect of MSL variations on light penetration (via changing the depth of water) to
the benthos is typically negligible. For Kd of 0.5 m-1, an increase in depth from 8.1 to 8.2 m yields only a
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0.08% decrease (arithmetic difference) in the percentage of light penetrating to the benthos, although
this effect is much greater for shallower depths.
Also, monthly MSL from only one single station was considered in this study. Although no effect
of MSL on coral bleaching was detected, potential impacts of tide on bleaching cannot be completely
disregarded. Although not commonly seen for most of the FRT, low tides leading to aerial exposure of
corals and subsequent bleaching have been observed in the Dry Tortugas (Vaughan, 1911). Furthermore,
site-specific tide measurements at the time of bleaching records might allow for a more robust
assessment of the effect of tide on coral bleaching. Finally, the effect of tide is potentially much larger
for regions with a larger tidal range.

4.2. Improvement over SST and DHW for modeling bleaching
The average normalized anomaly of SST data was the most significant factor in both the SMR
and the CAP. Indeed, the CAP procedure performed using only the SST data as a predictor variable
produced a significant model with total accuracy of 42%. Nevertheless, BAVIS and two interaction terms
were statistically significant factors in the SMR, parsimoniously explaining the variance in bleaching.
Furthermore, inclusion of the BAVIS, WIND/SST interaction, and BAUV/SST interaction terms in the CAP
improved the total accuracy as well as the classification success for all of the bleaching categories (for
SST-only CAP, classification success of no bleaching = 58%, moderate bleaching = 22%, and severe
bleaching = 63%).
Mean normalized anomaly of SST data from t0 to t-5 was used in this study to account for
cumulative thermal stress. This metric is similar to the CRW DHW in accounting for cumulative SST
anomaly data relative to the climatology for that location. However, dividing the SST anomaly by the
climatology standard deviation accounts for acclimation of corals to the particular interannual
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temperature regime (variable or constant) at their location.

In contrast, DHW uses an arbitrary

threshold of 1 °C above the climatology to quantify thermal stress.
To assess the utility of DHW in detecting coral bleaching, the analyses were repeated using only
the DHW product calculated in this study (DHW*) as a predictor. As such, the SMR indicated that DHW*
significantly explained variance in bleaching occurrence, although the fit of the model was reduced

(
= 0.02; F = 13; p = 0.003). The subsequent CAP model was not significant at α = 0.001, with

accuracy of 30%.
This result does not necessarily reflect inaccuracies in coral bleaching detections using DHW by
CRW, as there are many differences between DHW* in this study and the DHW used by CRW.
Specifically, DHW* products are based on the 2000-2012 SST climatology from MODIS/A and MODIS/T
data. In contrast, the operational CRW climatology includes Multi-Channel Sea Surface Temperature
(McClain et al., 1985) records from 1985- 1993 (excluding 1991 – 1992 data), derived using Advanced
Very High Resolution Radiometer data (Gleeson and Strong 1995; Liu et al., 2013). Both the CRW DHW
and the DHW* consider 12 weeks of thermal stress, yet the former uses SST data with half-week
resolution, in comparison to the coarser full-week resolution for DHW*. It is unlikely that this difference
greatly affects the model results reported here. Finally, there are large differences in the spatial
resolution (50 km for DHW, 1km for DHW*). As a consequence of this spatial resolution disparity, the
scales of bleaching investigated by these two products are completely different. Specifically, the CRW
product is designed to resolve mass bleaching events, while this study attempts detect bleaching on the
approximate scale of individual reefs. Indeed, only 126 of 637 (20 %) bleaching records used in the CAP
showed non-zero DHW* (bleaching is generally expected at ≥ 4 DHW; Skirving et al., 2006).
Consequently, the DHW CAP model predicted ‘no bleaching’ for 80% of the bleaching records, resulting
in the low overall model accuracy.
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4.3. Model limitations
The concentration of zooxanthellae within corals tissues is variable due to physiological
constraints or seasonal equilibrations (Fitt et al., 2001; Gleason and Wellington 1995). As such,
fluctuations in zooxanthellate density can result in apparent coral bleaching, even in the absence of
environmental stress (Fitt et al., 2001). Further complicating this matter, bleaching in response to
environmental stress may occur much more frequently than is detected by visual surveys (Fitt et al.,
2000). Indeed, using zooxanthellae counts, Fitt et al. (2000) detected widespread partial bleaching of
corals (all corals sampled bleached every year for four years), yet human observers only found bleaching
during two of these study years.
Beyond the uncertainties of diver-observed bleaching index, many of the model limitations stem
from insufficient quantity of data in the training dataset for the CAP (i.e., the FRRP and AGRRA datasets).
In particular, the FRRP dataset primarily includes bleaching data in the summertime, with only 127
bleaching records for wintertime data (collected in 2006 and 2010 only). As a result, the SMR was
unable to detect any significant differences in bleaching resulting from any of the environmental
parameters tested, even temperature. It is possible that bleaching observed during wintertime was
residual from summer bleaching (e.g., Lang et al., 1992). Thus increasing the duration of SST stress
considered may improve the model results for wintertime bleaching records. Also, mortality (not
bleaching) of corals in the Florida Keys due to cold events was documented in 1962 (Shinn, 1966), 19411942, 1957-1958, 1963-1964, 1969-1970 (Hudson et al., 1976), 1976-1977 (Porter et al., 1982; Davis,
1982), 1981 (Walker et al., 1982), and 2010 (Lirman et al., 2011). The wintertime analyses described
here would be greatly improved by inclusion of more wintertime surveys, or records of coral mortality
(in addition to bleaching).
The FRRP dataset is also limited in other months, which affects the CAP-predicted bleaching
results for these months. For example, AGRRA validation in 2004 was from May to July. Twenty-nine of
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these ‘spring’ surveys (all but one indicating no bleaching) included sufficient satellite data for analysis
using the CAP. However, the CAP misclassified all of the spring 2004 AGRRA surveys as severe bleaching.
It is likely that these misclassifications would be remedied if the training dataset used for the CAP
procedure included data from these spring months, however coral bleaching records during these times
are scarce. Nevertheless, this result highlights the need to restrict application of this model to the
months covered by the FRRP dataset (i.e., August to October).
Also, only 160 of 1652 FRRP bleaching records (130 of 1525 in summer) showed BI of 0. While
this prevalence may be accurate in summer months (e.g., Fitt et al., 2000), it is unlikely that such
widespread bleaching occurs in months with less thermal stress. By design, the FRRP sampling is biased
towards bleaching, thus bleaching is more prevalent in the FRRP dataset than would be observed in the
overall population. As a result, data in the ‘no bleaching’ category used in the CAP analysis actually
includes surveys where some (albeit very slight) bleaching was observed.
Finally, the classification of BI prior to the CAP analysis is a potential source of uncertainty in the
CAP results. Specifically, for this analysis, the upper and lower quartiles of BI were used to define the
‘severe bleaching’ and ‘no bleaching’ conditions, with the remaining data comprising the ‘moderate
bleaching’ category. Figure 4.3a clearly shows that there are no natural breaks in the BI data to justify
these particular delineations, and few surveys recorded BI greater than 0.5. As such, using different
definitions of these three categories can greatly affect the accuracy and classification success of the CAP.
In practice, however, several different variations of these categories (e.g., splitting the data in to three
equally sized groups) showed no major differences in CAP performance.

4.4. Satellite bleaching product
The LOOCV indicates high accuracy of the CAP model. LOOCV classification success of the ‘no
bleaching’ and ‘severe bleaching’ data points were on the order of 3 times higher than predicted by
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chance. However, classification into the ‘moderate bleaching’ category was only slightly better than
chance (30% versus 25%). This result is primarily due to the lack of distinction between the ‘moderate
bleaching’ category and either of the other two (see Fig. 4.3) and leads to misclassification of the
‘moderate bleaching’ records into both ‘no bleaching’ and ‘severe bleaching’ categories (see Table 2).
Consequently, the classification of ‘moderate bleaching’ should be viewed with caution, and perhaps
better termed ‘potential bleaching’ for prediction purposes.
As such, the CAP has been used to create maps of predicted bleaching, termed the ‘satellite
bleaching product’ (SBP). Figure 4.5 shows an example SBP for the week of September 24 – 30, 2005.
This map was created by extracting the SST, wind, BAUV and BAVIS data for each individual pixel for the
previous 6 weeks, to create the four variables selected by the SMR as significantly contributing to
bleaching. These data are then used as unknowns in a CAP procedure, whereby their PCA scores were
assessed along the canonical axis and subsequently classified into one of the three bleaching categories.
Overlaid on this predicted bleaching map are the FRRP records from the same week. Although the
overlaid FRRP records indicate success of the SBP in predicting these bleaching events, most of the data
points were included in the original LOOCV, and thus cannot be considered as a true measure of the
predictive capabilities.
The wind product used in the SBP is a combination of CCMP and NOAA NDBC buoy data. The
former is a reanalysis of wind data from multiple sources, and is not calculated until long after the
original measurement date (currently, the CCMP dataset records do not extend past 2011). For nearreal-time processing, the CCMP data could be removed from the input wind variable (leaving only NDBC
data) or the wind term could be excluded from the CAP altogether. Neither of these modifications
greatly diminishes the predictive capacity of the CAP. Indeed, the overall accuracy of the CAP with wind
data excluded is 45 %, only slightly less than the 48% accuracy the full model. This decrease in accuracy,
however, results primarily from misclassification of the ‘moderate bleaching’ data (24% classification
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success). The classification success was improved (compared to the full model) for both the ‘severe
bleaching’ and ‘no bleaching’ categories (68% and 62%, respectively).

4.5. Future improvements
A major limitation of this work stems from a training dataset with limited temporal range which
is biased towards bleaching. Additional bleaching records are required to improve both the assessment
of the factors contributing to BI as well as the predictive model for bleaching. Once FRRP from 2013 are
released to the public, they will provide an excellent dataset with which to assess the predictive ability
of the CAP model presented here.
Also, a long-term dataset of coral bleaching in the Florida Keys has been compiled by Mote
Marine Laboratory, which might be used for similar purposes.

This dataset (‘BleachWatch’) is a

collection of volunteer surveys, spanning June to October in each year from 2005 to the present. Each
year, the FRRP uses these surveys to identify the locations and times where bleaching is potentially
occurring, in order to plan subsequent FRRP surveys (Cory Walter, Mote Marine Lab, pers. comm.). As
such, these data can be used to increase the number of observations (and thus the statistical power) of
the SMR and CAP analyses, and further can improve the prediction of coral bleaching beyond the
summertime bounds of the FRRP dataset. However, given that the BleachWatch data are a collection of
volunteer surveys with non-stringent methodologies, care must be taken to assure quality control of the
dataset and calibration with other data sources.
Many factors not considered in this work may also be affecting coral bleaching in the Florida
Keys. In particular, the difference between SST and SBT is extremely variable in both space and time,
which greatly hinders the ability to assess coral bleaching from satellite data. Current models to derive
SBT from SST for Florida Keys reef environments are somewhat unreliable due to this spatial and
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temporal heterogeneity. Accurate derivations of SBT from SST, however, would remove a large source
of confounding error from the models presented here.
Wind direction is another parameter not considered in this study, but which might have an
effect on coral bleaching in the Florida Keys. The direction of wind-driven surface currents (i.e., onshore
vs. offshore) may influence the concentration of various water constituents, subsequently affecting the
bottom available radiation. Although monthly mean sea level was not a significant factor in these
models, it is possible that consideration of tidal level at the spatial and temporal resolution of the
individual bleaching records might elucidate an effect of tide on coral bleaching. Model results might
also be improved by consideration of stress on longer scales, especially for winter bleaching, which is
often residual from summer bleaching events (e.g., Lang et al., 1992). Lastly, the datasets included in
this study could be further supplemented with other databases (e.g., precipitation, surface currents,
nutrient loadings, climactic forcings, socioeconomic status, etc.). Although inclusion of only remotelysensed data allows for more rapid assessment of bleaching via the SBP, these other databases may
improve the stepwise MLR model, and thus enhance understanding of the factors contributing to coral
bleaching.
Finally, this approach must be applied to other coral environments worldwide to test its general
applicability. Initially, similar analyses must be performed on regions with extensive, long-term in situ
records of coral bleaching. This is imperative in order to assess whether the same factors found to be
contributing to coral bleaching in the Florida Keys also are driving bleaching elsewhere. If these
relationships are consistent, then the SBP can be directly applied to satellite data in coral environments
worldwide, and used to identify coral bleaching potentials in near-real time. Alternatively, if the suite of
environmental variables contributing to coral bleaching varies by region, then the SBP would need to be
tailored to individual coral environments.
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5. Conclusions
The analyses presented here quantify the relationship between coral bleaching and
environmental parameters using satellite data. Elevated sea surface temperatures (SST) and high
benthic available visible radiation (BAVIS) parsimoniously explained variance in coral bleaching in the
Florida Keys. This effect of SST was influenced by significant interactions between SST and both wind
and benthic available ultraviolet radiation (BAUV). Finally, the satellite bleaching product presented here
represents an improvement over SST-only satellite models of coral bleaching, and allows for assessment
of high-resolution coral bleaching potential over (current and historical) at weekly time scales.
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CHAPTER 5:
HISTORICAL AND FUTURE ASSESSMENT OF ENVIRONMENTAL PARAMETERS
AND CORAL STRESS USING MULTIPLE SATELLITE INSTRUMENTS

1. Introduction
When the Moderate Resolution Imaging Spectroradiometer (MODIS) time series began in 2000,
coral bleaching had already been well documented (Jokiel and Coles, 1977; Glynn and D’Croz, 1990;
Glynn, 1993; Brown, 1997). Indeed, one of the most widespread bleaching events in the region (and
worldwide) was observed in 1998, and has been attributed to extremely high temperatures resulting
from El Niño conditions (see Wilkinson, 1999). Satellite-derived sea surface temperature (SST) data
from this time period is widely available, especially from the Advanced Very High Resolution Radiometer
(AVHRR) instruments, which have already been used to assess coral bleaching stress (Gleeson and
Strong, 1995; Strong et al., 2004; Mumby et al., 2004). Nevertheless, current AVHRR and MODIS cloud
detection algorithms often fail during cold water events.

Measuring the diffuse attenuation of

downwelling radiation (Kd) in optically shallow waters using MODIS satellite data is even more
technically challenging.
The work to improve satellite-based environmental data records such as SST, and Kd in the
visible [Kd(vis)] and ultraviolet [Kd(UV)] bands has been successful using AVHRR and MODIS
measurements (Appendix A, B, C, D). These improved data records led to preliminary success in
predicting coral bleaching in the study region (Chapter 4). However, climate variability has time scales
of decades, and it is thus desirable to extend the present time-series analysis (2002 – 2012) to the pre63

MODIS era and also into the future. In particular, the Everglades restoration effort (Central Everglades
Planning Project; US Army Corps of Engineers, 2013) is expected to alter downstream water quality, and
it is critical to assess the water quality conditions along the Florida Reef Tract (FRT) using the MODIS
data as baseline conditions.
Such assessments can only be achieved through the use of multiple sensors, as both MODIS
instruments (onboard Terra and Aqua) are being operated well beyond their 5-year mission design.
However, due to differences in spectral bands, signal-to-noise ratio, calibration, and processing
algorithms, establishing multi-sensor data records for continuous water quality assessment is technically
challenging. This chapter detailss some preliminary progress in this research effort, as well as discussion
of future directions in forming seamless data records using modern earth-observing satellite
instruments.

2. Historical perspective: the use of Landsat and SeaWiFS
The earliest multi-spectral satellite measurements of the earth’s surface were collected through
the Landsat series. As such, Landsat data offer a long time series with which to assess the water quality
of coastal regions at synoptic scales. This is especially necessary for the years 1986-1997, during which
no ocean color satellites were in operation. However, Landsat Thematic Mapper (TM) and Enhanced
Thematic Mapper (ETM+) instruments were designed mainly for land use, and therefore include fewer
and wider spectral bands as well as lower signal-to-noise ratios than those designed for ocean use (Hu et
al., 2012). This presents a significant challenge to establishing Landsat-based environmental data
records that are consistent with those derived from modern satellite instruments such as MODIS.
To overcome this challenge, an improved atmospheric correction procedure for Landsat over
ocean targets was developed based on Landsat SWIR bands, similar to the approach used for MODIS
atmospheric correction. The long time series offered by Landsat TM and ETM+ were subsequently used
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to derive Kd over optically shallow waters in the Florida Keys, following the approach of Palandro (2006).
Briefly, for several sites within a small region where Kd is expected to be the same and the sites have the
same benthic type (e.g., sand) but different depths, the satellite-derived surface reflectance is an
exponential function of bottom depth, and a non-linear regression can be used to derive Kd for these
sites. This approach was emulated for the entire time series of Landsat 5 TM data in an attempt to
create 1 km synoptic maps of Kd (as opposed to reef-specific estimates; Palandro, 2006). These TM
estimates of Kd, however, showed poor correlation when compared to concurrent MODIS derivations of
Kd (calculated using algorithm described in Appendix C; for TM Band 1, N = 171; R2 = 0.13). While the
reasons for this divergence are still being diagnosed, it is possible that these TM derivations could be
improved through use of a more accurate high resolution raster bathymetry of the Florida Keys region.
Another attempt simply used atmospherically-corrected Landsat data to examine long-term
reflectance patterns, as these patterns are indicators of water quality changes. The Landsat TM
reflectance data were compared with concurrent MODIS data, and results indicated that MODISdetected remote sensing reflectance (RRS) anomalies (2 standard deviations from monthly climatology)
in the Florida Keys region were identified using Landsat data with over 90% accuracy. Historical RRS
anomalies were then corroborated by known changes in benthic community and water clarity
conditions, many of which stem from variations in local freshwater inputs to the region. The approach
and the results are detailed in Appendix E – Use of Landsat data to track historical water quality changes
in Florida Keys marine environments.
In contrast to Landsat TM and ETM+, the Sea-viewing Wide Field-of-view Sensor (SeaWiFS; 1997
- 2010) onboard the satellite OrbView-2 and the Coastal Zone Color Scanner (CZCS; 1978-1986) onboard
Nimbus 7 both include bands which could theoretically be used for estimation of Kd in optically shallow
waters via the approaches described in Appendices C and D. Towards this goal, the quasi-analytical
approach described in Appendix C was applied to SeaWiFS data with bounds 23 to 28°N, 76 to 84°W.
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These data were compared to in situ Kd measured in optically shallow Bahamas and Florida waters
(provided by Jim Ivey, Florida Fish and Wildlife Research Institute). Unfortunately, such analysis showed
poor correlation between SeaWiFS-derived Kd and concurrent in situ data (N = 7; R2 = 0.0003; Fig. 5.1).
The failure of this algorithm when applied to SeaWiFS data is likely due to differences in band centers,
spectral resolution, sensor calibration, and lower signal-to-noise ratio of SeaWiFS than MODIS. While
the latter may be improved by pixel binning, errors due to band center and spectral resolution
differences may be ameliorated by tuning of the algorithm coefficients. In particular, NASA’s Ocean
Biology Processing Group (OBPG) showed systematic difference between the MODIS RRS(667) and
SeaWiFS RRS(670) in comparisons between the two instruments (see Fig. 5.2 for example comparison of
MODIS and SeaWiFS RRS). Because this is a critical band in the modified QAA algorithm (Appendix C), a
tuning of the radiometric calibration may lead to improved algorithm performance.

SeaWiFS K d(490) (m-1)

0.03
0.025
y = -0.002x + 0.02
R² = 0.0003
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+ / - 1 Day
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Figure 5.1: Comparison between concurrent and collocated in situ measured Kd(490) and that calculated
from SeaWiFS data using the approach described in Appendix C. Fill color denotes degree of temporal
overlap: black = same day, grey = within 1 day, white = within 4 days. Linear trendline shown for same
day matchups only.
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Figure 5.2: Percent difference between SeaWiFS and MODIS data from January 3, 2006 at 5 different
wavebands. Top left: true color SeaWiFS image.
3. Look into the future: Continuity of MODIS measurements
Much of the work detailed in this dissertation has focused on data from the MODIS onboard the
satellite Aqua (MODIS/A). Launched in 2002, this particular instrument has already surpassed its design
life (5 years) by more than 6 years. The aging of MODIS/A has led to deterioration of data quality in the
blue (412 and 443 nm) bands, particularly after 2011, which has further required changes in the
radiometric calibrations.
As the MODIS era winds down, the Visible Infrared Imager Radiometer Suite (VIIRS; 2011 present) on the Suomi National Polar-orbiting Partnership satellite will continue to collect medium
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resolution (~0.75 km) ocean color data.

Fortunately, MODIS and VIIRS have been concurrently

operational for over 2 years. This overlap is critical to allow assessment of consistency between the two
sensors. As such, strong agreement of MODIS and VIIRS data products has been demonstrated for
normalized water-leaving radiance and chlorophyll concentration for open ocean targets (Wang et al.,
2013). Although Wang et al. (2013) noted poor VIIRS data quality for coastal environments, Hu and Le
(in press) found generally consistent measures of remote sensing reflectance, chlorophyll concentration,
and absorption coefficient of colored dissolved organic matter between MODIS and VIIRS in the Tampa
Bay region.
Continued assessment of coral bleaching stress from satellite data requires similar work to
ensure cross-sensor consistency between MODIS and VIIRS data in the Florida Keys region. An
immediate step in the near future is therefore to acquire VIIRS data to develop Kd (in the visible and
ultraviolet wavelengths) data products, which can be subsequently evaluated against concurrent MODIS
data. Once the consistency is validated, VIIRS and its successors in the coming decades will be used to
establish seamless environmental data records to continue the MODIS era assessment of the water
environments in the Florida Keys. Likewise, because of the wide data availability, the same approaches
detailed in this dissertation may be extended to other similar shallow regions to study their long-term
changes in response to climate variability and human impacts.
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CHAPTER 6:
RESEARCH IMPACTS AND CONCLUSIONS

1. Summary of findings
In total, 5 existing cloud detection algorithms (one for AVHRR, four for MODIS) were found to be
insufficient in differentiating clouds from valid SST measurements. Many of these deficiencies result
from improper masking of valid SST during extreme cold water events.

As such, two different

approaches were developed that increase data quality and quantity for both AVHRR (Barnes et al., 2011)
and MODIS (Barnes and Hu, 2013) SST measurements. Using these newly developed algorithms, the
severity and extent of the January, 2010 cold event in Florida was quantified. AVHRR data processed
using this approach were further used to assess cold temperature-induced mortality of corals in the
Florida Keys (Lirman et al., 2011).
Benthic contribution to MODIS remote sensing reflectance (RRS) was also found to cause errors
in retrievals of the diffuse downwelling attenuation coefficient (Kd; m-1) using existing algorithms (Zhao
et al., 2013). To ameliorate this, the Quasi-Analytical Algorithm (Z. Lee et al., 2002; 2009) was modified
to reduce the impact of benthic contributions (Barnes et al., 2013). The resulting optical properties
were inverted to Kd for all of the visible MODIS bands [Kd(VIS)] using the relationship described by Z. Lee
et al. (2005; 2009). As such, statistically significant spatiotemporal patterns were detected, many of
which agree with some aspects of previously published descriptions of regional water clarity variations
(Lapointe and Clark, 1992; Szmant and Forrester, 1996; Boyer and Jones, 2002). Some of the detected
patterns, however, depart from widespread perceptions of regional water clarity (specifically, higher Kd
in the Marquesas region than in the Middle Keys; Lapointe and Clark, 1992; Klein and Orlando, 1994;
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Szmant and Forrester, 1996; Boyer and Jones, 2002), yet seem to agree with that expected from the
local water circulation regime (see Smith, 1994; Porter et al., 1999; T. Lee and Williams, 1999). An
algorithm to derive Kd for ultraviolet (UV) wavelengths [Kd(UV)] was also developed for optically shallow
waters in the Florida Keys (Barnes et al., 2014a). Using this approach, differences were detected
between the spatial and temporal patterns of Kd(UV) and Kd(VIS) in the Florida Keys.
These algorithms were combined with other remotely sensed data sources to recreate the
environmental conditions concurrent with in situ measures of coral bleaching. In this manner, stepwise
multiple regression identified SST and benthic available visible light (BAVIS) as factors individually (and
parsimoniously) explaining variance in coral bleaching intensity. The effect of SST is further mediated by
significant interactions between SST and the factors wind speed and benthic available UV radiation
(BAUV).

These significant variables were subsequently used to predict coral bleaching.

As such,

prediction of ‘severe bleaching’ and ‘no bleaching’ conditions is achieved with 64% and 60%
classification success, respectively. This predictive model outperformed similar models which use only
SST data to assess coral bleaching stress (Gleeson and Strong, 1995; Strong et al., 2004; Mumby et al.,
2004)
Finally, towards data continuity, attempts to directly derive Kd from the Sea-viewing Wide Fieldof-view Sensor (SeaWiFS) via the approach detailed in Barnes et al. (2014a) showed low correlation with
concurrent and collocated in situ measurements. Similarly, calculations of Kd from high resolution (30m)
Landsat Thematic Mapper (TM) data in combination with a raster bathymetry (see Palandro, 2006)
showed poor correlation with MODIS derivations. Nevertheless, after pixel binning to improve the
signal-to-noise ratio, an atmospheric correction procedure was developed for TM data (similar to that
used for MODIS data), from which RRS was calculated for TM ocean targets (Barnes et al., 2014b). TM
RRS data were subsequently used to detect concurrent MODIS-derived RRS anomalies with over 90%
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accuracy. As such, historical TM-detected RRS anomalies were used to assess long-term and spatially
synoptic variations in the benthic environment and water clarity of the Florida Keys region.

2. Research implications
2.1. Coral bleaching assessment
The specific factors determined to be contributing to coral bleaching concur with many of the
findings of laboratory manipulations and in situ experiments (e.g., Siebeck, 1988; Fitt and Warner, 1995;
Brown, 1997; Lesser, 1997; 2006; Williams and Hallock, 2004). This agreement is despite limitations of
such experiments, such as exposure of corals to unrealistic shifts in environmental parameters (e.g.,
Hoegh-Guldberg and Smith, 1989) and lacking temporal and spatial scope (see Hughes and Connell,
1999). Through long-term and spatially synoptic assessment of the effect of multiple factors on coral
bleaching, this work supports the current perception of coral stress as being primarily temperatureinduced, mediated by solar radiation (Lesser, 2006; Wooldridge, 2009), while refining the particular
relationships between these stressors. The significant effects of light, both in the visible and UV
wavelengths (via interaction with SST), highlight the need for assessment of both for optimal evaluation
of coral bleaching stress.
The model presented for high-resolution (1km) prediction of coral bleaching from satellite data
in near-real time allows for more directed response to particular bleaching events. Currently, the
Florida Reef Resilience Program (FRRP) conducts its scientific surveys (i.e., standardized transects, etc.)
of coral bleaching in response to bleaching reported in more informal surveys conducted by volunteers.
Spatially synoptic maps of coral bleaching in near-real time could improve the planning of surveys
directed to capture bleaching. Furthermore, historic assessment of coral bleaching could impact marine
protected area (MPA) planning. In the Florida Keys, the Florida Keys National Marine Sanctuary
conducts a re-zoning of specific protection areas every 5 years (NOAA, 2007; 2012). A long-term and
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synoptic dataset of coral bleaching could direct such efforts through identification of reefs on which
bleaching occurs less frequently than on nearby reefs, as well as those for which bleaching stress is a
chronic issue. While it is certainly important to designate MPAs for the former (reefs where bleaching
rarely occurs), protection of the latter may be even more important. For example, if healthy reefs exist
in areas where beaching is regularly expected, these corals may have acclimated to a more variable
stress regime, and may thus show resilience to future stressors.
Finally, this work relies heavily on long-term databases of coral bleaching surveys in the Florida
Keys. Despite the limitations of these datasets (see Chapter 4), coral environments in less affluent
regions likely have fewer records of coral bleaching with less quality than those conducted in the Florida
Keys. An important next step is to replicate this assessment for other areas where similar long-term
databases of coral bleaching exist. If the findings presented in this study are generally applicable to
other regions, then the predictive model for coral bleaching can be applied for synoptic assessment of
coral bleaching of coral regions worldwide (including areas where coral bleaching has not been regularly
measured). As such, both historical and ongoing (near-real time) coral bleaching can be assessed
worldwide, which can have implications for MPA planning and response to severe bleaching events.

2.2. Further implications
Each of the five algorithms (two for cloud detection, three for water clarity assessment)
presented in this dissertation has implications beyond use for assessment of coral bleaching. Cold
events can cause detrimental effects, even leading to death, of a variety of nearshore marine organisms,
including manatees (Irvine, 1983; Deutsch et al., 2003), sea turtles (Witherington and Ehrhart, 1989),
fishes (Storey and Gudger, 1936; Sadovy and Eklund, 1999), mangroves (Storey and Gudger, 1936;
Savage, 1972), and many others. Accurate assessment of satellite-derived SST during such events, as
described in Barnes et al. (2011) and Barnes and Hu (2013), is critical to determine the extent and
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severity of severe cold temperatures. Using this data, resource managers and protection agencies can
better direct resources to respond to and potentially mitigate (e.g., by rescuing cold-stressed sea turtles)
the damaging effects of such events.
Similarly, corals are not the only marine organisms impacted by water clarity. Seagrasses, and
by extension the marine fauna that depend on them for food and / or habitat, are impacted by the light
regime reaching their tissues. In particular, seagrasses experience the same photodegradation and DNA
damage observed for corals (Lesser and Lewis, 1996; Zepp et al., 2008). Furthermore, seagrasses are
prone to light limitation due to water column turbidity (Lapointe et al., 2004, Phlips et al., 1995) and / or
epiphtyization (Lapointe and Clark, 1992; Lapointe and Barile, 2004), which can cause shifts in the extent
and density of seagrass environments. Seagrasses in nearby regions are generally restricted to locations
where at least 20% of surface light penetrates to the benthos (Gallegos and Kenworthy, 1996), thus
water clarity maps in optically shallow environments (e.g., from Barnes et al., 2013; 2014a) can be used
to assess changes in the potential habitat of seagrasses as a function of light availability.
The dataset of water clarity provided using these algorithms also can serve as a baseline from
which to assess the environmental impacts of major projects. In particular, the Central Everglades
Planning Project (CEPP; US Army Corps of Engineers, 2013) will likely induce large alterations in the
water quality of downstream ecosystems, including seagrass beds and coral reefs. Also, proposed
widening of the Key West Channel to accommodate larger cruise ships will undoubtedly cause
sedimentation of nearby environments. More than 10 years of MODIS data, as well as the historical
perspective of water quality offered by Landsat data (Barnes et al., 2014b), comprises a platform from
which the spatial scope and severity of these projects can be assessed.
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3. Future work
3.1. Research directions
A major limitation of the algorithms developed to derive Kd from optically shallow waters in
both the UV and the VIS wavelengths is that these algorithms fail for waters shallower than a particular
depth (5 m for VIS, 4.5 m for UV). As a result, no satellite water clarity data are currently obtainable for
the shallowest coral environments (those receiving the largest portion of downwelling radiation). In
Chapter 4, this deficiency is circumvented by extrapolation of Kd from adjacent, deeper waters. This
approximation, however, is not ideal, as the concentrations of various water constituents in waters
overlying reefs may be influenced by adjacent land processes, resuspension due to wind and currents, or
even corals themselves and associated organisms (Boss and Zaneveld, 2003). As such, more work is still
needed to improve derivations of Kd(UV) and Kd(VIS) for optically shallow waters.
Future work must strive to increase the predictive capabilities of the satellite bleaching product
described in Chapter 4. In particular, the prediction of coral bleaching in the Florida Keys needs to be
enhanced by inclusion of more bleaching surveys into the model. The dataset of volunteer bleaching
surveys collected through Mote Marine Laboratory’s BleachWatch program could be used for such a
purpose. Not only would these surveys double the number of data points included in the predictive
model, but the increased number of data points in non-summer months may enhance detection of coral
bleaching throughout the year.
No scleractinian coral species will respond in an exactly uniform manner to physical disturbance
throughout its range, and various species certainly have differential thresholds for bleaching in response
to environmental stress. The results presented in this dissertation represent aggregate bleaching of
coral reef communities. Where available, more robust surveys that include species-specific bleaching
records (such as the Atlantic and Gulf Rapid Reef Assessment surveys), should be used to assess
variations in bleaching between different coral species.
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Finally, these satellite-derived databases of water parameters around coral reefs can be
combined with other databases (e.g., socioeconomic, nutrient loading, climactic forcings, etc.) which
may even further clarify the direct causes of coral declines. Even coarse estimates of these parameters
may be useful in explaining bleaching or mortality in response to apparently low stress conditions. More
accurate assessment of sea bottom temperature (SBT) from satellite-derived SST in coral environments
may similarly improve model accuracy and understanding of the interactions between coral bleaching
and thermal stress. In addition, the new algorithms to derive Kd, combined with the improvements in
SST cloudmasking, may facilitate investigations of regional heat budgets (see Gramer, 2013), with
implications for climate research.

3.2. Product delivery
One of the major difficulties in effective use of satellite ocean color research is dissemination of
the data products in a manner that is meaningful to end-users. As potential end-users vary from
resource managers to the general public, diverse methods to deliver data must be established. For
example, synoptic maps of water quality, presented in near real time, may be used by researchers
towards planning of scientific monitoring as well as by divers for determination of locations where the
highest visibility may be expected. Similarly, near-real time maps of predicted coral bleaching should
also be continually posted [akin NOAA’s current Coral Reef Watch (CRW) bleaching alerts] to identify the
habitats currently at risk. As such, directed surveys of bleaching could be more effectively planned,
while recreational divers could be directed to avoid stressed reef locations.
In September 2012, the Kd(VIS) product and subsequently determined spatiotemporal trends in
Florida Keys water clarity were presented to the Water Quality Protection Program (WQPP), which
advises FKNMS Sanctuary Advisory Council (SAC) on matters relating to water quality in the Keys. The
purpose of this presentation was to inform the WQPP (and subsequently the SAC) of the potential of
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satellite-derived water clarity products in providing data towards rezoning of the FKNMS protection
areas (NOAA, 2007; 2012). Continued synthesis and dissemination of these new satellite products must
continue in order to familiarize resource managers with the products to ensure their use in ongoing
monitoring and conservation efforts.
Similarly, a virtual buoy system (VBS) to present satellite-derived coastal environmental data in
time series format was developed (Hu et al., in press). While such an approach has been employed to
great effect by NOAA CRW and the National Aeronautics and Space Administration (NASA) program
Giovanni, this VBS presents coastal environmental parameters derived using regionally customized
satellite algorithms (e.g., Barnes et al., 2013; 2014a) at weekly and monthly time scales. This delivery
method allows for straightforward assessment of long-term trends as well as timely anomaly detection
without the expense required for establishment of physical monitoring programs, and as such this
system needs to be extended to the Florida Keys region in order to disseminate time series of water
clarity.

4. Conclusions
Transitioning to a world of global automated technologies requires fully embracing the potential
of satellites in assessment and monitoring of reef ecosystems. Beyond the simple benefits of fewer boat
hours and less localized assessment, changing the scope of reef research by integrating satellite data will
provide further insights into the interplay between corals and their environment. By providing a historic
database of physical parameters and a clearer understanding of the factors leading to coral declines, my
hope is that this research fosters enhanced coral monitoring as well as improvements in conservation
and restoration efforts. Moving forward, the handful of large scale environmental factors considered in
this research need to be supplemented by databases of other known coral stressors, as well as improved
quantification of the sea bottom temperature from sea surface temperature data. As such, the
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framework established in this dissertation will hopefully lead to an even more complete comprehension
of coral bleaching and improved assessment capabilities.
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obtain a License from RightsLink.
If applicable, University Microfilms and/or ProQuest Library, or the Archives of Canada may
supply single copies of the dissertation.
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Appendices C, D, and E:

Dear Brian:
Permission [to include articles in dissertation] is in fact covered by the rights you retain as an Elsevier
journal author as outlined at http://www.elsevier.com/journal-authors/author-rights-and-responsibilities,
which include inclusion in a thesis or disseration, provided that proper acknowledgement is given to the
original sources of publication. Permission extends to online publication of your dissertation provided
that the Elsevier journal articles are not available for download as standalone PDFs but only embedded
within the dissertation itself; this would not be considered “systematic distribution.” Should you require
any further clarification or assistance, please let me know. Best of luck with your dissertation.
Regards,
Hop
Hop Wechsler
Permissions Helpdesk Manager
Global Rights Department
Elsevier
1600 John F. Kennedy Boulevard
Suite 1800
Philadelphia, PA 19103-2899
Tel: +1-215-239-3520
Mobile: +1-215-900-5674
Fax: +1-215-239-3805
E-mail: h.wechsler@elsevier.com
Questions about obtaining permission: whom to contact? What rights to request?
When is permission required? Contact the Permissions Helpdesk at:
+1-800-523-4069 x 3808
permissionshelpdesk@elsevier.com
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